Introduction {#sec1}
============

The noncovalent bonds between ligand molecules and their corresponding receptors on a cell surface are important for cellular recognition and functioning.^[@ref1]−[@ref3]^ Determining the various strengths of these noncovalent bonds is therefore critical for quantitatively evaluating the binding specificity and effect of drug molecules.^[@ref4]^ A challenging task is to identify and consequently eliminate interference from ubiquitous nonspecific absorption.^[@ref5],[@ref6]^ When single-molecule techniques are employed, a large number of measurements must be performed, and the measurements must be carefully filtered to obtain statistically significant results.^[@ref7],[@ref8]^ Therefore, these methods are limited by a low measuring efficiency. Nevertheless, atomic force microscopy (AFM) and optical tweezers have been extensively used to obtain force measurements of noncovalent bonds on substrate and cell surfaces, providing a wealth of information regarding the morphology of cell surfaces, configuration of molecules on surfaces, and cell surface receptor distribution.^[@ref9]−[@ref12]^ Another challenge encountered with these studies is the accuracy of the force measurements, particularly when studying bonds under the equilibrium state. The current techniques usually produce a broad distribution range of binding forces, making it difficult to compare molecular bonds under different conditions.^[@ref13],[@ref14]^ In addition, most AFM studies concern the dynamic binding between the protein pair. It has been shown that the binding force varies with regard to the interaction time.^[@ref15]^ Therefore, to probe the equilibrium state of molecular bonds in an efficient manner, an alternative approach is needed.

Recently, we reported the development of force-induced remnant magnetization spectroscopy (FIRMS), which uses an external mechanical force to distinguish the specific molecular bonds from nonspecific physisorption.^[@ref16]^ The binding forces of noncovalent ligand--receptor bonds can be precisely determined by gradually increasing the mechanical force in the form of shaking,^[@ref16]^ centrifugal,^[@ref17]^ or acoustic input.^[@ref18]^ The general scheme is that the receptor molecules are immobilized on a surface, and the ligand molecules are labeled with magnetic beads. After applying the force at selected values, the overall magnetic signal of the beads is detected by a sensitive atomic magnetometer.^[@ref19]−[@ref21]^ Bond dissociation is indicated by a decrease in the magnetic signal at a corresponding force value because the dissociated particles either will obtain random magnetic dipole orientations or will be removed from the sample system. The atomic magnetometer, located at several millimeters away from the sample, is mechanically separated from the magnetic beads. This detection method measures 10^4^--10^5^ bonds simultaneously. Its force resolution of ∼2 pN allows for distinguishing different protein--protein bonds^[@ref18]^ and DNA duplexes having a single nucleotide difference.^[@ref17]^ However, prior to this work, the applications of FIRMS were limited to measuring molecular bonds on functionalized substrates. In this paper, we demonstrate quantitative measurements on cell surfaces for the first time.

Specifically, we show that the binding force of noncovalent ligand--receptor bonds on cell surfaces can be precisely determined by FIRMS and resolved from other interactions. We chose to study CD4 antibody--antigen bonds on the surface of CD4^+^ T cells due to their significance in human immunodeficiency virus infection and cancers.^[@ref22],[@ref23]^ The expression of the CD4 antigen of this type of cell has been studied by flow cytometry^[@ref24]^ and mass spectrometry.^[@ref25]^ Additionally, AFM has been used to measure the binding force of the CD4 bonds on functionalized mica surfaces.^[@ref26]^ Our FIRMS results for measurements taken on cells and functionalized surfaces are compared under various conditions, with each other and with the existing results obtained using other techniques.

Results and Discussion {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows a typical magnetic signal profile in a relatively wide force range of 0--144 pN for the anti-CD4 antibodies on the magnetic beads binding with the CD4 receptors on the cell surface. The two decreases in the profile, at approximately 25 and 82 pN, correspond to the dissociation of two different interactions. For this profile, the signal remains constant after 82 pN until the force limit, which indicates a strong interaction with a binding force exceeding 144 pN. These observations allow us to divide the profile into three regions as indicated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The first, region I (between 0 and 25 pN), represents the nonspecific binding between the antibody-conjugated magnetic beads and the cell surface, which has been well documented in both of our previous works^[@ref16],[@ref17]^ and single-molecule studies.^[@ref5],[@ref15]^ The second region of decreased signal, region II between 50 and 82 pN, is assigned to the dissociation of the specific bonds between anti-CD4 antibody and CD4 antigen (referred to as CD4 bonds hereafter). To confirm this assignment, we performed two control experiments in which there were either no cells or no matching antibodies on the magnetic beads. In the latter case, the beads were conjugated with a CD3 antibody. No signal decrease was observed at 50--82 pN for either case ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, green and black traces). Therefore, we concluded that CD4 bonds have a binding force in region II. The third region, region III (above 82 pN), is associated with stronger bonding than the CD4 bonds, which also existed between CD3 antibody-conjugated beads and the cell surface. We attribute the continued presence of bound magnetic beads to possible multiple bonds or strong nonspecific interactions similar to studies using AFM or magnetic tweezers.^[@ref3],[@ref27]−[@ref29]^ The three different interactions are schematically illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. We note that the binding force for the biotin--streptavidin bonds is approximately 250 pN,^[@ref27]^ which then should not interfere with the assignment of the three regions for the CD4 bonds.

![FIRMS results for the CD4 antibody--antigen interactions on cell surfaces. (a) Magnetic signal profile as a function of an external mechanical force revealing three different surface interactions (red trace). The green and black traces are control experiments as labeled. (b) Schematic illustration of the possible interactions between the anti-CD4 antibody-conjugated magnetic beads and CD4^+^ T cells. The interaction types are I, weak nonspecific interactions; II, specific CD4 bonds; and III, stronger interactions.](oc-2015-00325f_0002){#fig1}

The signal amplitude of each region provides the quantity of the magnetic beads bound through the corresponding interaction. Our primary interest in this work centers on the 18 pT decrease in region II that belongs to the CD4 bonds. Based on the calibration of the magnetic signal vs the number of beads,^[@ref17]^ the 18 pT signal corresponds to 5.4 × 10^4^ magnetically labeled CD4 bonds. The majority of the initial magnetic signal correlates to the weak nonspecific binding, which was 77 pT of the initial 126 pT; leaving 31 pT for the remaining stronger interaction. Therefore, the specific CD4 bonds only comprised ∼14% of the total possible surface interactions. This percentage is consistent with the binding probabilities obtained by AFM and other force techniques.^[@ref5],[@ref6],[@ref15]^ The difference, however, is that FIRMS captures all of the interactions in a single measurement, whereas AFM requires hundreds of repeated measurements or more.

Optical imaging by a microscope was used to verify the immobilization of the cells and to determine the cell density. The images of the sample were taken before and after the forces were applied. Cell counting for the same sizes of field of view of 0.04 mm^2^ yielded 242 ± 16 and 250 ± 8, respectively. The similar numbers confirm the successful immobilization of the cells. The residual magnetic beads (black dots) in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b correspond to the strongly bound magnetic particles after application of the 144 pN force (conclusion of region III in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Because the overall surface area of the sample well is 7 mm^2^, we calculate the total number of cells to be 4.3 × 10^4^. The average size of the cells is estimated to be 5.3 μm in diameter from the SEM images. Therefore, the surface coverage of the cells is approximately 15%.

![Optical images of the CD4^+^ T cell decorated surfaces. (a) Before incubating with magnetic beads and applying mechanical force and (b) after FIRMS measurements. Scale bars: 20 μm.](oc-2015-00325f_0003){#fig2}

To determine the binding force of the specific CD4 bonds, we performed measurements in a narrower force range of 50--120 pN at smaller force increments. For comparison, the same bonds were also studied on a CD4 antigen-functionalized gold substrate. The resulting magnetic signal profiles are presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, with their corresponding force spectra shown in the insets. The force spectra were obtained by taking the derivative of the corresponding magnetic signal profiles. The precise binding forces were extracted from the Gaussian fittings of the force spectra, which were 75 ± 3 pN for the cell surface and 90 ± 6 pN for the CD4 antigen-functionalized gold substrate. Control experiments were performed to confirm the specific bonds on the gold surface ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf)). Measurements for each case were repeated four times, and similar binding forces were obtained for each surface type ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf)). The error bars of the force values are the respective standard deviations of the measurements. The value we obtained on the functionalized substrate is consistent with the mean value of 79 ± 59 pN obtained by AFM,^[@ref26]^ but with much improved force certainty.

![High-resolution analysis of the binding forces of the CD4 bonds. (a) Results for the CD4^+^ T cell surface. (b) Results for the CD4 antigen-functionalized substrate. Insets are the Gaussian fittings of the corresponding force spectra.](oc-2015-00325f_0004){#fig3}

The high force resolution of FIRMS reveals a new observation that the CD4 bonds are substantially weaker on the cell surface than they are on the functionalized substrate surface. There are several possible reasons that might explain the reduced binding force, such as differences in antigen conformation or local environment, cell counts on the surface, and antigen densities on the substrate. To examine possible reasons for the force difference, we attempted to reduce the cell number and to reduce the antigen density on the substrate. The resulting force measurements are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For the reduced cell number, the binding force was determined to be 70 ± 5 pN, which showed no difference from the result for the higher cell number. The associated SEM image shows that, under this condition, the cells were well separated on the surface, eliminating most of the cell--cell interactions and the potential effect on the CD4 bonds ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf)). Cell counting for the image yielded an estimated total of 2.4 × 10^4^ cells in the sample, or ∼56% of the initial cell density. Separately, we achieved a reduced antigen density on the functionalized substrate by using a mixture of tetradecanethiol and mercaptohexadecanoic acid (4:1 ratio) to dilute the carboxylic acid groups on the surface. The result in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the same binding force of 88 ± 7 pN as the 90 ± 6 pN obtained for the higher antigen density in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. Note that the overall signal was much lower because of the reduced amount of antigen molecules on the surface. Further dilution until there was barely any magnetic signal, in which the tetradecanethiol to mercaptohexadecanoic acid ratio is 10:1, showed that the binding force remained the same ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf)). To quantify the low densities of the surface antigen, we carried out an X-ray photoelectron spectroscopy study that produced results consistent with the magnetic measurements ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf) and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf)). These experiments confirmed that the differences in the binding force between the cell surface and the functionalized substrate are due neither to cell--cell interactions nor to the neighboring bonds on the substrate. In contrast, the most plausible rationalization for the observed different binding strengths is that the CD4 antigens adopt different conformations or experience different environments on the surface of the cells as compared to the functionalized substrate.

![Plots of the remnant magnetization as a function of the binding force under different conditions. (a) Results on the CD4^+^ T cell decorated surface with fewer cells. (b) Results on the CD4 antigen-functionalized substrate with reduced antigen density. Insets are the Gaussian fittings of the corresponding force spectra.](oc-2015-00325f_0005){#fig4}

In addition to the high force resolution, the capability of FIRMS to reveal the total number of molecular bonds enables us to determine the maximum number of CD4 bonds under our experimental conditions. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, we varied the amount of magnetic beads, but maintained a constant number of cells on each sample. The magnetic signal of the CD4 bonds reached a plateau at 4.1 × 10^5^ beads; further increasing the bead number had no effect on the signal. The maximum signal was 22 pT, corresponding to 6.7 × 10^4^ CD4 bonds. This result indicates that, on average, each cell formed more than one but less than two single CD4 bonds for the given sizes of the beads and cells. This observation is consistent with the results in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} in which the specific antibody--antigen bonds represented only a small portion of all three types of interactions between the magnetically labeled antibody molecules and antigens on the cells. However, we could not provide information regarding the actual distribution of the number of particles on individual cells. The quantification and resolution of molecular bonds in our system are important for many applications, such as using nano- and microparticles as drug carriers to target specific types of cells.^[@ref31],[@ref32]^ Furthermore, the capability of FIRMS to measure a large surface area to determine the total number of molecular bonds complements the limited field of view of single molecule-based force techniques such as AFM and optical tweezers.

![Plot of the magnetic signal corresponding to the CD4 bonds at various numbers of magnetic beads. Saturation was observed at 4.1 × 10^5^ particles.](oc-2015-00325f_0006){#fig5}

Conclusions {#sec3}
===========

We have shown that FIRMS is capable of resolving the noncovalent molecular bonds on cell surface with precise force resolution and high detection efficiency. The binding force of the CD4 bonds on CD4^+^ T cells was revealed to be 75 ± 3 pN, which is 15 pN lower than the same type of bond on a CD4 antigen-functionalized gold substrate. We verified that this difference depends neither on the cell number nor the coating density on the substrate surface. Because of this substantial difference, our results suggest that it is necessary to study protein--protein bonds directly on cell surfaces when possible. This research has further demonstrated that the FIRMS technique has the potential to reveal the behavior of protein--protein bonds during various biological processes such as cell functioning and drug targeting. Our research is currently exploring related phenomena in living cells.

Experimental Methods {#sec4}
====================

Materials {#sec4.1}
---------

CD4^+^ T cells were purchased from Innovative Research and preserved according to the manufacturer's instructions (details provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf)). CD4 recombinant human protein (PHS0044), CD3D and CD3E recombinant human protein (10981-H08H), magnetic beads functionalized with streptavidin (Dynabeads M280), and phosphate-buffered saline (PBS, pH = 7.4) were purchased from Invitrogen. Bovine serum albumin (BSA), monoclonal biotinylated human CD3 antibody produced in mouse (SHAB4700047), poly([l]{.smallcaps}-lysine) (PLL) (0.1%, w/v, molecular weight 150,000−300,000), glutaraldehyde (25 wt % in H~2~O), tetradecanethiol, 16-mercaptohexadecanoic acid (98%), *N*-hydroxysuccinimide (NHS), and *N*-(3-(dimethylamino)propyl)-*N*′-ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich. The 0.5 M EDTA solution obtained from Ambion was used as received. Biotinylated anti-CD4 antibody (MEM-241) was obtained from Abcam. Isolation buffer was prepared from PBS with 0.1% BSA and 2 mM EDTA.

Sample Preparation for CD4 Binding on Cell Surfaces {#sec4.2}
---------------------------------------------------

Glass slides were cleaned and incubated with 0.01% (w/v) PLL solution for 30 min. The PLL-coated glass slides were then rinsed with Milli-Q water and dried under nitrogen. The sample well was assembled by gluing the glass to a 20 × 3 × 1 mm^3^ (*L* × *W* × *H*) polystyrene piece with a 4 mm × 2 mm oval opening at the center (area 7 mm^2^). The CD4^+^ T cells were washed twice with PBS buffer and diluted to the desired concentrations. The cell concentration was determined by a hemocytometer. To immobilize the cells on the PLL coating,^[@ref33]^ 7 μL of cell suspension in PBS buffer was placed in contact with the surface for 15 min, followed by adding 3 μL of a mixture of 3.5% (w/v) paraformaldehyde and 1% (w/v) glutaraldehyde in water overnight. The cells were presumably dead after fixation. After rinsing with PBS buffer three times, the sample well was immersed in 3% (w/w) BSA solution to reduce nonspecific interactions. Conjugation of the streptavidin-functionalized magnetic beads with the biotinylated anti-CD4 antibody was carried out at room temperature for 1 h. Finally, 7 μL of the magnetic beads (diluted by 20 times) conjugated with the anti-CD4 antibody was introduced to the sample well, incubated for 3 h, and magnetized by a permanent magnet (0.5 T).

Sample Preparation for CD4 Binding on a Functionalized Surface {#sec4.3}
--------------------------------------------------------------

The sample well was assembled by attaching a gold-coated glass slide (Evaporated Coatings, Inc.) to the same polystyrene piece used in the previous [section](#sec4.2){ref-type="other"}. The gold surface was initially functionalized with carboxylic acid groups by incubating the surface in a 3 mM ethanolic solution of 16-mercaptohexadecanoic acid for 24 h. For reduced functionalization densities, tetradecanethiol was mixed with mercaptohexadecanoic acid at 4:1 and 10:1 ratios, respectively. The functionalized surface then reacted with 7 μL of aqueous mixture containing 0.05 M NHS and 0.2 M EDC. Then the sample well was incubated with the CD4 antigen in PBS for 4 h, followed by exchanging the protein solution with PBS buffer several times before incubation of 3% (w/w) BSA for 1 h to minimize nonspecific interactions.^[@ref34]^ After that, 7 μL of the magnetic beads conjugated with anti-CD4 antibody was introduced to the sample well and then magnetized.

FIRMS Measurements {#sec4.4}
------------------

Measurements of the magnetic signals of the sample were obtained using an atomic magnetometer,^[@ref21]^ which has a noise level of ∼1--2 pT in this work. Mechanical forces of varying amplitudes were produced by a centrifuge (Eppendorf 5417R) at various speeds. The force amplitude was calculated based on the equation *F* = *m*ω^2^*r*, where *m* is the buoyant mass of the beads (4.6 × 10^--15^ kg, determined in previous work), ω is the centrifuge angular velocity, and *r* is the distance of the sample from the rotation center (8 cm in this work).^[@ref17],[@ref35]^ The remnant magnetization of the magnetic beads was subsequently measured after each application of centrifugal force using a scanning method that we previously reported.^[@ref36]^ More details are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf), with [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.5b00325](http://pubs.acs.org/doi/abs/10.1021/acscentsci.5b00325).Experimental method, control experiments, force measurement statistics, image of the cells at reduced density, XPS analysis, and Figures S1--S6 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00325/suppl_file/oc5b00325_si_001.pdf))
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